Abstract. The present paper explores the use of the measurement of bulk electric conductivity and relative dielectric permittivity during freezing and thawing to estimate the ice content of two different partially saturated soils. The soils (Castelldefels fine sand and Barcelona clayey silt) were prepared at different degrees of saturation and dry densities at room temperature. Different target temperatures were used, which were reached at varying freezing rates and controlled with a thermal bath. Models were used to fit electrical conductivity and relative dielectric permittivity results under full unfrozen liquid and maximum ice conditions. The extension of these models allows estimating ice content on partially saturated soils at different porosities.
Introduction
When dealing with the modelling of thermo-hydromechanical coupled processes induced by freezing of saturated and unsaturated soils, an important issue is the definition of the freezing retention model, which links the saturation degree of the liquid phase (unfrozen water) to the temperature of the soil. The Clausius-Clapeyron-Poynting equation, which governs the condition for equilibrium between the coexisting liquid water and ice phases, together with a modified form of the van Genuchten equation to take into account the liquid-ice surface tension is usually adopted to represent this freezing retention model. Thus, determining experimentally the amount of ice content or unfrozen water in the frozen soils is necessary and helpful for verifying the correctness of the retention model and also for defining the model parameters.
For the direct measurement of ice content in frozen soil, several methods have been used, including gas dilatometry, dielectric spectroscopy and the heat pulse probe method (see for instance, [1] ). Instead of measuring ice content directly, some authors combined two methods together to infer ice content and unfrozen water content in frozen soil [1, 2] . However, it is still difficult to measure the accurate ice content of frozen soil both in direct and indirect way.
The present paper explores ice content on two different partially saturated soils by controlling temperature at different liquid saturations during freezing and thawing process. The soils (a sand and a clayey silt) were prepared at different degrees of saturation and dry densities at room temperature. The technique used to measure the unfrozen liquid saturation was based on frequency domain reflectometry (FDR) measurements, as well as on electrical and thermal conductivity at different target freezing temperatures. These temperatures were reached at varying freezing rates and controlled by a thermal bath. Different models were used to fit electrical conductivity and relative dielectric permittivity results of the partially saturated soils under full unfrozen liquid and maximum ice conditions. These models were then extended for different degrees of unfrozen liquid and ice content, as well as varying porosities. This way, the combination of two methods (electrical conductivity and relative dielectric permittivity results) on a partially saturated soil of known porosity will allow inferring its ice and unfrozen water contents.
Description of the models
A simple model was developed by Archie (1942) relating the electrical conductivity of soils to its porosity and saline liquid saturation. For different liquid and ice saturations, the model can be written as (see for instance, [3] ):
where σ t denotes the electrical conductivity of the soil, σ represents the electrical conductivity of saline water, S the degree of saturation, n the porosity, m an exponent of the material that can be related to tortuosity or to pore shape and structure, p a saturation exponent and a a tortuosity factor. Subscripts 'l' and 'i' indicate the different phases of the saline water, which are unfrozen liquid water and ice phase respectively. In unsaturated frozen soils, four phases exist, i.e., soil solids, air, unfrozen water and ice. Because of the large resistance of soil solids and air compared to unfrozen water and ice, they are regarded as insulators. Thus the electrical conductivity can be expressed following an additive way as follows (in accordance to a parallel configuration in which the total current is the sum of the currents through the individual components):
For the sake of simplicity, a similar law is adopted for (relative) dielectric permittivity:
Chen et al. [4] also presented a simplified soil resistivity model to describe the relationships between electrical resistivity, degree of saturation and porosity, which can be expressed for liquid water and ice phases as:
where ρ t is the electrical resistivity of the soil, α a structure factor, S the degree of saturation, n the porosity and c a constant. Subscripts 'l' and 'i' indicate the unfrozen liquid or ice phases of the water.
Electrical conductivity σ is defined as the inverse of resistivity. So for a partially saturated soil where unfrozen liquid and ice coexist, the soil electrical conductivity can be expressed as:
For (relative) dielectric permittivity, and for the sake of simplicity, a similar expression to Eq. (5) will be also adopted:
The unknown model parameters in Eqs. (1) and (4) under full unfrozen liquid S i = 0 and maximum ice S l ≈ 0 conditions will be obtained by fitting the experimental curves using a nonlinear least square method. At known porosity, the above equations can be used to estimate ice content in partially saturated frozen soils with S l < 1 and S i < 1, once electrical conductivity and relative dielectric permittivity are known.
Materials and experimental methods

Test materials
Fine sand of Castelldefels (Barcelona) and Barcelona (BCN) clayey silt were studied [5] . The particle size of fine sand varied between 75 and 500 µm. The BCN clayey silt was modified to remove particle sizes larger than 2 mm. The solid densities of sand and clayey silt are ρ ss =2.65 Mg/m 3 and ρ sc =2.67 Mg/m 3 , respectively. A 5% NaCl solution (mass basis) was used to perform the freezing-thawing test, and to allow better discriminating between ice and unfrozen liquid when using bulk electrical conductivity.
Experimental methods
A commercial Frequency Domain Reflectometry (FDR) sensor 5TE was used for measuring bulk electrical conductivity (EC) and (relative) dielectric permittivity [6] according to the scheme depicted in Figure 1 . Good contact between the small electrodes and the soils is required for EC measurements. The dielectric constant is measured by using capacitance / frequency domain technology. In order to minimise the effects of salinity, 70 MHz frequency was used to make the 5TE sensor accurate. Two additional thermocouples were used for measuring soil temperature. The FDR sensor and thermocouples were pushed directly into the soil samples, which were contained in a cylindrical plastic container (height 109 mm, diameter 110 mm). The container was immersed into antifreeze liquid inside a thermostatically controlled freezer to conduct the freezingthawing cycle. The temperature ranged from -20°C to 20°C. The soils with different degrees of saturation and porosities were tested during a freezing-thawing cycle to obtain the values of EC and dielectric permittivity at full liquid state S i = 0 in freezing and thawing points (-3.2°C due to pore water salinity effects) and at maximum ice content S l ≈ 0 (-20°C). Figure 2 shows the time evolution of bulk EC and (relative) dielectric permittivity of a sand sample prepared at n = 0.49 and S l = 32.9%) during a freezing-thawing cycle. It can be observed that the values of bulk EC and dielectric permittivity reduce with decreasing temperature until they reach a minimum, which indicates that the maximum ice condition had been achieved. Similar features were observed during thawing stage (correspondingly, bulk EC and dielectric permittivity increased during this stage). Short plateaus of both bulk EC and dielectric permittivity were observed at the freezing and thawing points.
Experimental results and analyses
Experimental results
(a) (b) Figure 2 . Time evolution of (a) bulk EC; (b) (relative) dielectric permittivity during a freezing-thawing cycle of a sandy sample (n = 0.49, S l = 32.9%).
The variation of bulk EC and (relative) dielectric permittivity with temperature for the two soils are presented in Figure 3 . In the relatively dry sand (n = 0.46, S l = 15.5%), the same variation of both bulk EC and permittivity was observed during freezing and thawing. However, in the clayey silt prepared at n = 0.42 and S l = 47.9%, there are some differences in the variation of both bulk EC and dielectric permittivity values between freezing and thawing paths, particularly after the thawing point. Probably this indicates that the soil microstructure (more active due to the wetter state of the clayey silt) has changed during the freezing-thawing cycle.
In total, 15 sand and 12 clayey silt samples have been tested at different values of porosity and degree of saturation, as listed in Table 1 . It can be observed that that the porosity of the sand was around n  0.46 with major changes in the degree of saturation. This was not the case of the clayey silt, in which the amount of water added affected the fabrication dry density (the porosity changed from 0.32 to 0.52). 
Analysis of bulk electrical conductivity results
The bulk EC values of both partially saturated sand and clayey silt samples at maximum ice content S l ≈ 0 (-20°C) and at full liquid water state S i = 0 in freezing and thawing point (-3.2°C) are presented in Figure 4 . The 'liquid F' and 'liquid T' in the graphs denote the values measured at full unfrozen liquid state during freezing and thawing paths. Archie's law and Chen's resistivity model have been used to fit the experimental results and thereby to obtain the model parameters. The measured values of bulk EC of pure 5% NaCl solution at maximum ice content (-20°C) and at full unfrozen liquid state (freezing point) were  i = 11.7 dS/m and  l = 40.0 dS/m, respectively. The remaining model parameters can be obtained by fitting the experimental results.
The following two equations can then be used for estimating ice content of partially saturated fine sand from bulk EC readings:
  
1.8 0.08 2.4 0.32
The equivalent expressions for estimating ice content from bulk EC readings for the clayey silt are:
1.1 2.0 1.0 1.7
1.17 0.48
3.0 0.14 5.0 0.67
In Figure 4b the curves have been plotted at constant porosity (n = 0.46), whereas the different points display important variations in porosity (this is the reason of the deviations observed at high initial degrees of saturation that were prepared at the denser states). 
Analysis of relative dielectric permittivity results
The (relative) dielectric permittivity values of both sand and clayey silt samples at maximum ice content S l ≈ 0 (-20°C) and at full unfrozen liquid state S i = 0 in freezing and thawing point (-3.2°C) are presented in Figure 5 . The 'liquid F' and 'liquid T' in the graphs denote the values measured at full unfrozen liquid state during freezing and thawing paths, respectively. The measured values of (relative) dielectric permittivity of pure 5% NaCl solution at maximum ice state (-20°C) and at full unfrozen liquid state (-3.2°C) were  i = 66.6 and  l = 81.0, respectively. The value at maximum ice state is very high and can be due to the salinity effect on the FDR measurement. Nevertheless, it has been accepted for fitting purpose (further tests are currently been undertaken to better define the relative dielectric permittivity value at maximum ice state of this reference 5% NaCl solution). The expressions for estimating ice content in partially saturated sand samples from (relative) dielectric permittivity readings are: 
Again, in Figure 5b the curves have been plotted at constant porosity (n = 0.46), whereas the different points display important variations in porosity (this is the reason of the deviations observed at high initial degrees of saturation that were prepared at the denser states).
The combination of the two measurements (bulk electrical conductivity and relative dielectric permittivity results) together with the above equations will allow inferring the ice and unfrozen water contents of a partially saturated soil of known porosity.
Conclusions
The modified Archie's law and Chen's resistivity model were used to fit the experimental results of both bulk electrical conductivity and relative dielectric permittivity results on two partially saturated soils. The model parameters were determined under full unfrozen liquid S i = 0 and maximum ice content S l ≈ 0 conditions. The models were extended to cover intermediate states with S l < 1 and S i < 1. The fitted equations have been proposed for estimating the ice content from bulk electrical conductivity and dielectric permittivity measurements at different porosities and partially saturated states for fine sand and Barcelona clayey silt. It is planned to explore in the future some complementary methods for estimating ice content, involving the determination of specific heat capacity, thermal conductivity and permeability of frozen soils. 
